Abstract-An experimental study on the use of ultra-wideband antenna systems (3.5-4.5 GHz) on the human body for wireless body area network (WBAN) applications is conducted. It has been found that the link reliability can be improved and transmit power can be reduced by properly selecting the transmit and receive antennas with different radiation properties (omni-directional, directional, pattern diversity) and polarizations (vertical and horizontal) at each location on the body. Moreover, when there is blockage by the body, it may be possible to achieve better transmission when the antennas are horizontally polarized. Also, antennas with pattern diversity can be used to enhance the overall reliability of the communication system. In order to eliminate the use of cables in the measurements, an on-body UWB system has been developed and the reliability can be assessed more practically in terms of the peak amplitude of the received waveform and the bit error rate. It has been observed that when the link quality is improved, the transmit power can be reduced by more than 20 dB without compromising on the reliability, which will conserve the battery power.
I. INTRODUCTION

I
N recent years, the development of wearable communication devices on the human body have been extensively researched. The advantages of a UWB communication system are that it provides a potentially high transmission capacity and a low effective isotropic radiated power spectral density of less than dBm/MHz [1] . This results in a longer battery life for a body-centric network. The UWB antennas are researched and designed with the bandwidth, efficiency, gain, and group delay considerations within the limited antenna specifications [2] , which is very different from the conventional narrowband antenna designs.
Much effort to analyze the electrocardiogram (ECG), electroencephalography (EEG) and various physiological signals such as temperature, heartbeat, blood pressure, glucose level, SpO2, etc., has made it important to characterize the on-body RF transmission performance between the transmitter and receiver for medical research, pharmaceutical research, medical education, training, and healthcare applications. Communications from in-body implants and on-body sensors will allow for better diagnoses and improve therapy [3] - [5] .
In order to gather the various physiological signals of the human body, a wireless body area sensor network system can be implemented. The network system is a specific type of network structure which consists of fixed sensor nodes. As the sensor nodes are placed on a human body, various factors such as body movements, varying body orientations, and environment may degrade the link quality [6] - [8] . Therefore, the antenna is one of the key elements in the wireless body area networks. Antennas with omni-directional radiation [9] - [11] in free space and diversity [12] - [16] are commonly used in body area networks However, the radiation patterns will be altered when the antennas are placed near the body. Therefore, by using antennas of different radiation characteristics, the overall system performance can be optimized. Instead of using the resource management schemes such as adaptive power control, routing, transmission scheduling, etc., the antenna selection in terms of the radiation properties and polarization for the different positions on the body can also be used to improve the quality of the communication link.
In this paper, three different types of UWB antennas with different radiation characteristics will be used as the transmit and/or receive antennas. In order to facilitate the experimental study, the transmitter and receiver systems are developed to be mounted on the body. By understanding the effects of the polarization and position of the transmit and receive antennas on the system performance in terms of the peak amplitude of the received waveform and the bit error rate (BER), the link reliability can be enhanced without the need to increase the transmit power.
II. MEASUREMENT SETUP Fig. 1(a) shows the measurement setup for the transmit-receive antenna system on the body inside the anechoic chamber. In Fig. 1(b) , in order to verify the transmitter and receiver performance, both the transmit and receive antennas are first mounted 0018-926X/$31.00 © 2012 IEEE on wooden tripods in free space at a distance of 1 m and oriented face-to-face with each other. The measurements are taken when the transmit and the receive antennas are vertically polarized. The UWB pulse generated by the transmitter is passed through the transmit antenna and picked up by the receiver front-end circuitry via the receive antenna. The locations of the transmit and receive antennas on the body are shown in Fig. 1(c) . A 31-year old male adult of height 1.66 m and weight 67 kg is used in the measurements. The transmit antenna is placed on four different locations, namely the left chest area (for ECG application), the forehead area (for EEG application), left wrist (for temperature or heartbeat monitoring) and center waist (for glucose level monitoring). The receiver antenna is placed on three different locations, namely the right waist, left arm, and center chest. In order to avoid the impedance mismatch and significant absorption by the human body, direct contact between the receive antenna and the body should be avoided. Hence, the transmit and receive antennas are placed 10 mm away from the body.
The UWB antennas used in this study are namely, the omnidirectional monopole antenna (Antenna A), directional L-plate antenna (Antenna B) and dual-port antenna with pattern diversity (Antenna C). The two ports of Antenna C are named CL and CR, respectively. When CL is excited, CR will be terminated using a 50 load, and vice versa. The peak-to-peak amplitude and waveform from the oscilloscope are recorded.
The measurements will be divided into two parts. For the first part, the peak amplitude of the received waveform is recorded to determine which antenna is more suitable to be used as the transmit and receive antenna. From the results, the optimal receive antenna location and orientation with respect to the transmit antenna can be obtained. With this knowledge, the bit error rate of the antenna system can be determined in the second part of the measurement. 
A. Transmitter and Receiver Architectures
The transmitter module generates the UWB pulse by using a 2 ns pulse generator. It is battery operated and can last for around 4 hours, which is sufficient for data collection at a particular receiver location. An overview of the transmitter circuit is as shown in Fig. 2(a) . The transmitter module is assembled on a 4-layer printed circuit board with dimensions of 2.5 2.5 cm as shown in Fig. 2(b) , which is sufficiently compact for WBAN applications. The electrode is amplified before the input of the micro-controller. The micro-controller performs the analog-to-digital conversion, determines the transmission format, modulation scheme and sets the data rate. As the UWB pulse rate is independent of the data rate, this enables the system to vary the number of UWB pulses per data bit. The narrow pulse generator is formed using a variable voltage-controlled oscillator (VCO), delay circuitry and an XOR gate. It is able to produce a narrow pulse ranging from 0.5 ns to 2 ns, with a variable pulse repetitive frequency of between 17 MHz to 170 MHz. The narrow pulse and 4 GHz VCO are combined to form the UWB signal centered at 4 GHz with a 500 MHz bandwidth. The generated narrow pulse passes through a bandpass filter, which shapes the pulse spectrum to conform to the UWB requirement. After passing through the filter, the UWB pulse is amplified using a wideband low noise amplifier (LNA) to meet the dBm/MHz effective isotropic radiated power spectral density level requirement. The digital output of the micro-controller and the UWB signal are combined using the logic gates before transmitting the information via the UWB antenna. The generated UWB pulse and its corresponding spectrum are shown in Fig. 2 (c) and (d), respectively. The system has been designed to operate in the 3.1-5 GHz frequency band using direct modulation technique (i.e., no carrier is used). From the output of the transmitter, the peak-to-peak amplitude of the pulse is 190 mV with a pulse width of 2 ns.
The block diagram of the receiver frontend circuit is shown in Fig. 3 . The receiver antenna is placed on the body while the receiver front-end circuitry can be placed away from the body. The received signal entering the receiver passes through a 3-5 GHz bandpass filter to eliminate the unwanted out-of-band signals. The filtered signal is amplified by 48 dB using three wideband LNAs before down-converting to the baseband signal using a mixer and a 4 GHz VCO. The baseband signal passes through a low-pass filter with 100 MHz bandwidth before going through the baseband amplification stage and recorded using the oscilloscope.
B. Antenna Designs
The UWB antennas used in this study are shown in Fig. 4 . The dielectric substrate used for the antennas is Rogers 4003C with an and a thickness of 0.813 mm. The width of the 50 microstrip line used to excite the antennas is 1.86 mm. The Antenna A is an omni-directional printed monopole antenna. The size of the antenna is 25 35 mm [17] . The Antenna B is a directional antenna of the same size as Antenna A. It is made up of an L-shaped radiator that is connected to the ground plane on the front side of the PCB via a shorting wall. The feeding plate is located beneath the radiating plate and soldered to the microstrip line on the reverse side of the PCB [18] . The Antenna C is a dual-port antenna with pattern diversity characteristics and has a size of 37 45 mm. The notched radiators are positioned in a and 135 configuration. The isolation between the two radiating elements is more than 20 dB, which has been effectively enhanced by having a central strip that extends vertically from the ground plane [19] . In the figures, the orientation of the Antennas A and C correspond to the vertical polarization, while Antenna B corresponds to the horizontal polarization.
III. RESULTS AND DISCUSSIONS
A. Received Signal Measurements
As a reference, the received waveform is recorded as shown in Fig. 5 when the transmit and receive antennas are separated at a distance of 1 m in free space. The peak amplitude is around 13 mV and 30 mV when a pair of Antenna A and B is used as the transmit and receive antennas, respectively. All the measurements are conducted inside the anechoic chamber with the human subject standing in an upright position. The transmitter is located on the left chest, forehead, left wrist, and center waist.
The simulated 3D radiation plots are obtained for the total electric fields when the transmit antenna is placed on the left chest and receive antennas are placed near the right waist/left arm/center chest at selected polarizations. The various parts of the human body are modeled as homogeneous layers of tissues and their compositions and parameters at 4 GHz are given in Table I based on the parametric model [20] . It must be noted that in the simulations, the effect of the transmitter that is connected to the transmit antenna has not been taken into account. It can be observed that the radiation plots that are normalized to 6 dBi are able to correspond well with the amplitude of the received waveforms, which is dependent on the positions of the transmit and receive antennas on the body as well as their relative positions and the distance between them. From Fig. 6 , it can be seen that in the case of Antenna A, the gain is relatively weak and the maximum radiation (yellow region) is directed outwards from the body and is elliptical in shape. This implies that when the receive antenna is placed far away from the transmit antenna, e.g., on the right waist, a higher received signal strength can be achieved with the receive antenna horizontally polarized. Furthermore, when the transmit antenna is placed on the left arm, the radiation null which occurs due to the absorption by the body is directed towards the transmit antenna on the left chest. Hence, it will be expected that the received signal to be extremely weak.
In the case of Antenna B, it can be seen that the gain is higher and the radiation is more directional than Antenna A. Also, it can be observed that it is possible to improve the transmission by directing the maximum radiation direction towards the transmit antenna when the receive antenna is placed on the right waist or the antenna is horizontally polarized when placed on the center chest. Fig. 7 shows the simulated 3D radiation plots for the total electric fields when the transmit antenna is placed on the forehead.
For each location of the transmitter, the peak amplitude of the received waveforms when the receiver is placed on the right waist, left arm, and center chest are recorded for the vertical and horizontal antenna polarizations. In this study, Antenna A or B is the transmit antenna, while either Antenna A, B, CL, or CR has been chosen to be the receive antenna. Table II shows the peak amplitudes of the received signals at different receive antenna locations when the transmitter is placed on the left chest. In the case where the monopole-type Antenna A is used as the transmit antenna and the receive antenna placed on the center chest, it can be seen that the strongest signals occur when both the transmit and receive antennas are vertically polarized. Also, strong signals can generally be achieved when the transmit antenna is vertically polarized. However, the signal gets weaker when the transmit antenna is horizontally polarized. On the other hand, when the directional-type Antenna B is used as the transmit antenna, stronger signals can be achieved generally due to the higher gain of Antenna B as shown in Fig. 6 . Moreover, when the When the receive antenna is placed on the left arm and Antenna A used as the transmit antenna, weak signals are obtained for most of the different transmit-receive antenna polarizations despite the closer proximity between the antennas. This is mainly because of the weak line-of-sight propagation between the antennas due to the blockage by the arm. Generally, at all the three receiver locations, reasonable signal strength can still be achieved when the receive antenna is horizontally polarized. This observation can be deduced from Fig. 6 , where the directional radiation property of Antenna B as well as its relative position with respect to Antenna A makes it possible for the horizontal polarization to achieve better RF transmission than the vertical polarization. When Antenna B is used as the transmit antenna, the received signals on the left arm are generally weaker than the received signals on the center chest, but still relatively strong due to the higher gain of Antenna B.
When the receive antenna is placed on the right waist, the waveform amplitude is generally lower as the signal needs to propagate a longer distance from the chest to the waist. Generally, higher signal strength can be obtained when the transmit antenna is vertically polarized.
The optimum location of the receive antenna is found to be at the center chest when the transmitter is placed on the left chest. In cases where there is weak line-of-sight between the transmit and receive antennas, the receive antenna be horizontally polarized. The gain of Antenna C is comparable to that of Antenna A. Moreover, it is able to receive higher signal strength from at least one of the ports at most of the receiver locations as compared to Antenna A. This suggests that diversity can be used to enhance the received signal strength, especially in cases where the link quality is poor. Table III shows the peak amplitudes of the received signals at different receiver locations when the transmitter is placed on the forehead. It can be observed that when Antenna A is used as the transmit antenna and the receive antenna is placed on the center chest, stronger signals can be received when the transmit and/or receive antennas is horizontally polarized. This can be predicted from Fig. 7 , where the radiation pattern of the transmit antenna on the forehead is directed downwards when it is horizontally polarized. On the other hand, when Antenna B is used as the transmit antenna, better signal reception can be obtained when Antenna B is vertically polarized, which is due to the radiation being directed downwards as shown in Fig. 7 . Due to the higher gain of Antenna B, it can be seen that good transmission can be achieved for all the antenna polarization combinations when it is used as both the transmit and receive antennas. Also, due to the difference in the tissue thickness and composition on the forehead and on the left chest, the radiation patterns when the same antennas are placed on the forehead and on the left chest will be different.
The advantage of using Antenna C over Antenna A is more prominent when Antenna B is used as the transmit antenna. From the table, it can be seen that when the receive antenna is placed on the center chest, the signal received by at least one of the ports of Antenna C is stronger than that of Antenna A. Similar observation can be made when the Antenna C is horizontally polarized and placed on the left arm.
From the results, it can be seen that the optimum location of the receive antenna when Antenna A is used as the transmit antenna will be on the left arm and when both antennas are horizontally polarized. However, when Antenna B is chosen as the transmit antenna, the optimum location of the receive antenna will be at the center chest due to the closer proximity and reduced blockage between the transmit and receive antennas. On the other hand, when the transmit antenna is placed on the forehead, the signal strength when the receive antenna is placed on the left waist will be considerably weaker due to the longer propagation distance from the forehead to the waist as well as some degree of blockage by the body.
From the study conducted above, it can be seen that the transmission using the directional antenna is generally stronger due to the higher antenna gain. Hence, it will be useful to examine if this phenomenon is still valid when the gain of Antenna B is reduced to that of Antenna A. The effect on the received signal strength when the gain of Antenna B is reduced by around 6 dB in order to match the gain of Antenna A will be studied.
The FCC has placed stringent requirement on UWB transmission, allowing a peak transmission power limit of 0 dBm and an average limit of dBm. Therefore, it is important to maximize the transmission power to enhance the system performance. In practice, the measurement of the average and peak power can be calculated easily using a spectrum analyzer. For the average power measurement, the resolution bandwidth is 1 MHz with an integration time of 1 msec. A resolution bandwidth of between 1 to 50 MHz can be used for the measurement of the peak power. The peak transmission limit is dependent on the resolution bandwidth of the spectrum analyzer according to (1) [21] (1) Hence, with a 3 MHz resolution bandwidth of the spectrum analyzer, in order to obtain a stronger received signal for a more accurate analysis, the transmit power has been adjusted to dBm, which is the maximum permissible transmit power level. Furthermore, in order to ensure that the antennas do not exceed the peak transmit power limit, attenuators are connected to the output of the transmitter to compensate for the antenna gain.
As shown in Table IV , the peak amplitudes of received signal on the right waist, left arm, and center chest are recorded when the transmitter is on the left chest. For antenna B, an attenuator of 6 dB is connected to the output of the transmitter in order to match the gain to that of Antenna A. When the receiver with Antenna B is placed on the right waist, strong signals for almost all the polarizations are obtained when using Antenna A as the transmit antenna. However, when the receiver is placed on the left arm, stronger signals are obtained when using Antenna B as the transmit antenna, and when the Antenna B is horizontally polarized. When the receiver is placed on the center chest, strong signals could be obtained for almost all the polarizations when either Antenna A or B is used at the transmitter.
The peak amplitudes of received signal are recorded as shown in Table V with the transmitter located on the forehead. When the receiver is placed on the right waist as well as the center chest, strong signals are obtained when either Antenna A or B is used at the transmitter. The optimum transmit-receive antenna polarization is found to be V-H. However, when the receiver is placed on the left arm, stronger signals are obtained when using Antenna A as the transmit antenna. The optimum transmit-receive antenna polarization is found to be H-V.
In addition, the transmitter is also placed on the left wrist and center waist. For brevity, only Antenna B is used on both the transmitter and receiver. The results are shown in Table VI . When the transmitter is placed on the left wrist, the best receiver location will be on the left arm, since there is significant blockage by the body when the receiver is placed on the right waist and center chest. On the other hand, when the transmitter is located on the center waist, good transmission can be achieved when the receiver is located on the center chest and right waist, but becomes significantly weaker when it is placed on the left arm, which is due to the reduced line-of-sight between the transmitter and receiver.
B. Bit Error Rate Analysis
The recovered UWB pulse is digitized using a high-speed analog-to-digital converter (ADC) and processed by the FPGA before transferring the data to the laptop using a serial cable. The function of the FPGA is to process the received multiple UWB pulses and for a certain threshold, determine whether it is bit "1" or bit "0" before sending to the laptop as well as to set the appropriate baud rate for data transfer to the laptop. Preprocessing is necessary as the data transfer rate via the serial cable is much lower than the rate of data transfer from the sensor nodes to the UWB receiver using the gating method. After the processing by the FPGA, the data is transferred to the laptop and the BER is computed based on a known pseudo-random data sequence from the transmitter.
The bit error rate is calculated based on the experimental settings shown in Table VII . The UWB pulse rate is selected to be much higher than the actual data rate in order to allow for processing gain and ease the synchronization process. The sensor nodes have been designed to perform gating operation, which allows the transmitter to transmit at the maximum peak power of dBm based on a 3 MHz resolution bandwidth. Four different transmitter locations, namely the left chest, forehead, left wrist and center waist, which are commonly used for physiological signal monitoring, have been chosen to evaluate the performance of the UWB WBAN. The measurements are conducted in the anechoic chamber where the human subject remains stationary. For each measurement scenario, 5 sets of reading are taken and each set of reading consists of 10 000 data bits. Fig. 8 shows the BER curve when the transmitter is placed on the left chest. For instance, "AB Waist VH" refers to the case where transmitter Antenna A is placed on the left chest and vertically polarized; receiver Antenna B is placed on the right waist and horizontally polarized. The transmit power can be varied by using RF attenuators and the corresponding BER is calculated.
As it can be seen from Fig. 8 , when the transmit antenna is vertically polarized, the lowest transmit power is required to achieve a low BER when the receiver is placed on the center chest. However, when the receiver is placed on the arm, a much higher transmit power is required in order to achieve a low BER. From Fig. 8 , it is able to deduce the minimum transmit power that is required in order to achieve zero BER for the various antenna types and polarizations at the different receiver locations. This information will be very useful to conserve the battery power. Table VIII summarizes the minimum transmit power that is required in order to achieve zero BER for the different transmitter locations. It can be seen that when the transmitter is placed on the head, a higher transmit power is generally required for most of the cases as compared when the transmitter is placed on the left chest. When Antenna A is used as the transmit antenna, the receiver located on the center chest requires a lower transmit power as compared to the right waist. However, when the transmit antenna is changed to Antenna B, the reverse occurs. This shows that for different types of transmit antennas, the location of the receiver can be optimized in order to minimize the transmit power.
When the transmitter is placed on the wrist, the least transmit power is required when the receiver is located on the arm. On the other hand, a much higher transmit power is needed when the receiver is placed on the right waist. This is due to the significant blockage between the right waist and the left wrist by the body. Last, when the transmitter is placed on the center waist, due to the close proximity to the receiver, the lowest transmit is required. On the other hand, the highest transmit power is needed when the receiver is located on the arm, which is due to the long distance between the transmitter and receiver as well as certain extent of blockage by the body.
On the receiver end, Antenna B is replaced by Antenna C and the optimum transmit power required is recorded in Table IX . Both the transmit and receive antennas are vertically polarized. When the transmitter with Antenna A is placed on the left chest and forehead, a lower transmit power is required for Antenna CL as compared to Antenna CR. However, when Antenna B is used at the transmitter, Antenna CR requires a lower transmit power than Antenna CL. In the table, there are some null entries as the required transmit power in those cases is larger than the allowable peak limit of dBm. From this study, it can be seen that for the different types of transmit antenna, the Antenna C is able to make use of its diversity in order to achieve a low BER with a low transmit power.
Based on the BER results obtained, a summary of the optimum transmit-receive antenna types and polarizations at the different locations on the body is summarized in Table X . The information shown suggests that in order to achieve the optimal system performance in terms of the BER with a low transmit power, the antenna type and polarization should be properly selected.
IV. CONCLUSION
This paper presents an experimental study to locate the optimal types and polarizations of the transmit and receive antennas at the various locations on the body. The typical transmitter locations where useful physiological signals can be obtained have been chosen. The antennas with different radiation properties have been used on the transmitter and receiver and the peak amplitude of the received waveform and the bit error rate of the system have been used to evaluate the system performance. From the study, it can be seen that there is good correlation between the radiation patterns of the antennas in the presence of the body and the amplitude of the received waveform for the different locations on the body. The horizontally polarized antennas may be used to improve the transmission in scenarios where there is poor line-of-sight due to body blockage. Moreover, it has been shown that the pattern diversity antenna has been effective in providing another degree of freedom to enhance the link reliability in on-body systems. By properly selecting the type and polarization of the transmit and receive antennas for the different body locations, the system performance can be optimized in terms of reducing the transmit power by more than 20 dB while maintaining a very low bit error rate, which will in turn translate to an increase in the life span of the battery. 
